Thermal ablation by High Intensity Focused Ultrasound (HIFU) is the only technique for noninvasive treatment of tumours, but suffers from a long treatment times and varied treatment outcomes. Knowledge of the nonlinear parameter B/A can resolve these by improving treatment planning, and correlation between enhanced nonlinear signals and the presence of HIFU lesions has the potential to monitor treatment acoustically in real-time. It remains unclear whether the nonlinear enhancement is due to changes in the properties of treated tissue or cavitation. This study improves the signal-to-noise ratio of the standard finite-amplitude insertion technique to measure the B/A of ex-vivo bovine liver. The technique creates plane wave conditions by measuring the waveform in the planar near field of a large transducer then uses the Burgers equation to find B/A. Measurements are taken during heating in a water bath and HIFU exposure. Cavitation is monitored during the HIFU exposures, so that the effect of cavitation on acoustic properties can be assessed and the difference between HIFU heating and slower, water bath heating. Water bath results disagree with previously reported data showing a doubling in B/A, finding a modest increase post-heating, making mechanical effects of ultrasound the likely cause of nonlinear enhancement.
INTRODUCTION
Thermal ablation by high intensity focused ultrasound (HIFU) has great potential as a non-invasive technique for the treatment of solid tumours, offering many advantages over conventional treatment [1] [2] . HIFU works by heating tissue such that thermal necrosis occurs in a localised region which is known as a lesion. However, HIFU's clinical uptake is hindered by a need for more effective treatment monitoring, and for shorter treatment times to ablate a volume of tissue. In both treatment planning and monitoring, it is important that nonlinear acoustic effects be taken into account. Treatment planning requires a good understanding of the acoustic field, and at the high intensities needed to thermally ablate tissue, the effect of nonlinearity cannot be ignored. Likewise, potential ultrasound-based treatment monitoring methods such as tissue harmonic imaging rely on detecting nonlinear acoustic phenomena in tissue [3] .
In both cases, it is important to know the value of the attenuation and the nonlinearity parameter known as B/A in the tissue. B/A is the ratio of the quadratic and linear terms in the Taylor expansion of the relationship between pressure and density, and determines the rate at which nonlinear effects develop. Although the B/A of ex-vivo liver has been studied before, there is only one study of the B/A of 'treated' liver, i.e. liver that has been exposed to HIFU temperatures and subsequently cooled [4] . That study reported a dramatic change in the B/A of treated tissue, suggesting that a change in the nonlinear acoustic emissions of tissue could be used to monitor HIFU treatment.
In this study a new method based on the finite amplitude insertion (FAIS) technique is used to measure the attenuation and B/A of ex vivo bovine liver during a heating and cooling cycle reaching similar temperatures to those in HIFU ablation.
RELATED WORK
There are a number of studies measuring B/A of liver, summarised in Figure 1 . All of the studies below have used the finite amplitude insertion technique described by Gong [5] to measure B/A by measuring the rate of growth of the 2 nd harmonic generated as a single frequency sinusoid propagates nonlinearly. However, only one study reports the B/A of liver that has been heated to HIFU relevant temperatures and subsequently cooled [4] . This study reports a 100% increase in B/A post treatment. This is an important result as it suggests that such a large change in B/A could be used for ultrasound based real time monitoring of HIFU treatment. Determining whether this change, reported in one sample of liver, is replicable is therefore of particular interest. [4] , Gong [5] , Errabolu [6] and Law [7] for bovine liver.
For the transducer employed in this study it was noted that there was significant nonlinearity in the source, invalidating the single-frequency assumption used in the FAIS method described above. Chavrier [8] Two transducers were used in the experiment, a 100mm diameter 1.125MHz unfocused plane wave transducer, and a calibrated 14mm Olympus Panametrics-NDT V306 unfocused 2.25MHz transducer. For the attenuation measurements the smaller transducer was attached to a pulser-receiver (JSR Ultrasonics, DPR 300). The reflected pulse was recorded by an oscilloscope (LeCroy Waverunner), and recorded for later analysis using MATLAB. For B/A measurements a signal generator sent 20 cycles at 1.125MHz through a 55dB broadband amplifier (E&I 1140LA) to the 1.125MHz transducer, varying the signal generator voltage from 100 to 900mV in 50 mV increments, recording the output voltage from the 2.25MHz transducer.
MATERIALS AND METHODS

Equipment
In order for the Burgers equation to be valid, it is necessary for the effects of diffraction to be negligible, which means that the acoustic field between the transmit and receive transducers has to be planar. This is achieved by placing the receive transducer close enough to the transmit transducer that plane waves from the centre of the transducer reach the receiver before edge waves contribute to diffraction effects. The pressure across the face of the transducer varies by less than 10%, which is small enough that the plane wave assumption holds and therefore that the Burgers equation is valid.
Tissue Preparation
Fresh bovine liver tissue was obtained from an abattoir on the day of slaughter. It was cut to the size of the large transducer, and degassed by placing it in a pressurized chamber filled with phosphate buffered saline (PBS) solution at -0.7 bar for 1 hour in order to remove large air bubbles from the surface of the tissue. Experiments were conducted in a tank also filled with PBS. Experiments were undertaken to determine the difference between the acoustic properties of PBS and deionised water, and no significant difference was found between the two. The temperature of the water bath was initially 37°C, it was then raised to 50°C, and measurements were repeated. The liver was then heated to 60°C, and left to fully denature. It was then cooled back to 37°C and measured for a final time.
Determining sound speed and attenuation
Sound speed in the sample was determined by sending pulses from the 2.25 MHz transducer and measuring the time of flight. Attenuation was calculated by comparing the spectra of reflected pulses sent from the 2.25 MHz transducer through water and tissue, using the large transducer as a reflecting interface, allowing attenuation and B/A measurements to be taken without moving the sample. The attenuation coefficient in soft tissue follows a power law, e.g.,
! where ! is the attenuation in Np/m at 1 MHz, and f is frequency. The coefficients α0 and η are calculated by fitting the power law expression to the measured attenuation.
Determining B/A
To determine B/A, a nonlinear plane wave was generated by the large unfocused transducer and the measured waveforms were compared with a nonlinear simulation. To simulate the wave propagation, the Burgers equation is used, which is briefly described here. If the pressure is taken to be periodic in time with fundamental frequency f0, and corresponding fundamental angular frequency ! ,=2 pi f0, it can be expressed as ,
where ! is the complex coefficient of the !! harmonic as a function of distance. The Burgers equation can be expressed in spectral form as
is the plane wave shock formation distance. This nonlinear differential equation was solved using the inbuilt ode23 solver provided with MATLAB.
The measurements consisted of exciting the large 1.125 MHz transducer with a sinusoidal burst of 20 cycles, sent through a 55dB amplifier,. After propagation the sample the signal was detected by the smaller receive transducer. The amplitude of the 20-cycle burst sent by the signal generator was increased from 100 to 900 mV (peak to peak) in 50mV increments.
The nonlinear wave was measured in water and, using known properties of water, the effective source conditions at the fundamental and third harmonic determined. This condition as then used to simulate the propagation through liver, using the sound speed and attenuation as measured above. The value of B/A was then varied in order to match the measured values to those simulated using the Burgers equation.
RESULTS
Attenuation
Attenuation was measured in 5 locations in one sample of tissue at 37°C, 50°C, and post-heating at 37°C. Figures 3  and 4 below show the attenuation at 1MHz, and the frequency dependence of attenuation and the results reported by Choi et al [4] . The attenuation was observed to double after thermal denaturation and the power law exponent to decrease from 1.0 to 0.7.
FIGURE 3.
A plot of the attenuation of ex vivo bovine liver in Np/m at 1MHz at 37°C, 50°C and at 37°C post-heating, compared with values reported in [4] , where the error bars represent one standard deviation. In both cases attenuation reduces slightly between 37 and 50 degrees, but roughly triples post-heating.
FIGURE 4.
A plot of the frequency dependence of attenuation of ex vivo bovine liver at 1MHz at 37°C, 50°C and at 37°C postheating, compared with values reported in [4] , where the error bars represent one standard deviation. In both cases the frequency dependence increases slightly between 37 and 50 degrees, but decreases post-heating.
Parameter of nonlinearity
B/A was measured in 5 locations in one sample of tissue at 37°C, 50°C, was left to denature at 60°C. The results are shown in Fig. 5 and again compared to the data of Choi et al [4] at 37 and 50°C. We observed a modest increase in B/A after thermal denaturation, rather than the twofold increase previously reported by Choi et al [4] . [4] , where the error bars represent one standard deviation. B/A increases slightly with temperature, and increases slightly postheating, but not by the large amount reported in [4] .
DISCUSSION
The method developed to measure the attenuation and nonlinearity coefficient of water produced results in good agreement with existing literature results. The increase in attenuation after thermal denaturation are in good agreement with the changes in attenuation reported in the literature by Choi et al [4] , Techavipoo [9] , Goss [10] , Bush [11] , and Clarke [12] . At higher temperature, attenuation decreases slightly, and there is a marked increase in attenuation post-heating. Both of these findings agree well with literature findings.
The measured values of B/A for fresh liver also agree well with those reported by Choi et al [4] , Gong [5] , Errabolu [6] and Law [7] , and the value of B/A at 50°C is similar to that reported by Choi et al. However, there is a discrepancy between the post-heating value of B/A, which has only previously been reported by Choi et al. Although a modest increase was found to have occurred between fresh and denatured tissue, this was much lower than the one previously reported value. Further experiments are required to see whether the dramatic increase in B/A can be replicated.
CONCLUSIONS
A method based on the finite amplitude insertion method was developed to measure the attenuation coefficient and nonlinear parameter of ex-vivo bovine liver during a heating/cooling cycle designed to replicate a treatment by high intensity therapeutic ultrasound. The method produces results that agree well with literature data for attenuation and B/A of fresh tissue, however, a previously reported large rise in the B/A of tissue post-heating was not replicated. If this rise is not replicated in further studies in more samples, this suggests that monitoring HIFU treatment using a form of imaging B/A will be challenging due to the small effect.
